A range of copper-rich bulk YBa 2 Cu 3+A: 07 +> , superconductors have been prepared by mixing excess copper oxide in the initial material and characterized for their magnetic properties and microstructure. The microstructure of the materials exhibits a high density of planar defects at the grain boundaries and a grain boundary amorphous phase. There is a small increase in the magnetic J c at 4.5 K but a decrease compared to a conventional material at 77 K, and there is no correlation of the magnetic J c with the twin boundary density. The change in J c can be understood if the grain boundary pinning is strong at 4.5 K but weak at 77 K. Data obtained using a very wide range of different microstructure characterization techniques clearly indicate the dangers of relying on only one technique to obtain a full picture of the material.
I. INTRODUCTION
One of the more important issues in the new high temperature superconductors, both technologically and scientifically, is flux pinning; to be a useful material, flux pinning in some form is required for high critical currents. Very early it became apparent that thin films could carry high currents 1 " 3 and, presumably, contained adequate flux pinning sites. Although there has been recent progress with bulk superconductors, notably melt textured materials, 4 " 6 bulk materials have yet to achieve critical currents as high as those in thin films. What in the thin films is responsible for the high current carrying properties? For instance, is it planar defects, 7 twin boundaries, 8 ' 9 point defects, 10 " 13 or is it surface pinning? 14 " 16 There have recently been two sets of experiments that have suggested that planar defects may lead to higher critical currents, namely magnetic measurements of decomposed YBa 2 Cu 4 0 8 17 and of shock treated YBa 2 Cu 3 0 7 . 18 In this paper we report the results of a controlled comparison of copper-rich bulk YBa 2 Cu 3+A: 07 +> , superconductors prepared with excess copper in the initial material. Although there is a small enhancement of the flux trapping at 4 K, the materials are in fact inferior to conventional YBa 2 Cu 3 0 7 at 77 K. There is definitely no correlation of the magnetic J c with the twin boundary density. In a later paper, 19 we will present results using copper oxide dissolved in nitric acid and added to 123 powder where precipitates are formed throughout the material and flux pinning does occur. These results indicate that the reaction kinetics of the added copper is critical to determining the magnetic properties of the resulting superconductor.
II. SPECIMEN PREPARATION
Samples were prepared by sintering a mixture of Y 2 O 3 , BaCO 3 , and CuO powders in stoichiometric proportions to obtain YBa 2 Cu 3+x 0 7+) , nominal compositions with x = 0, 0.2, 0.5, and 1.0. Sintering was carried out at 938 °C for 20 h in air and then quenched into liquid nitrogen. (From previous work, 20 it appeared that to retain the additional copper in the material prepared by this route it is necessary to quench into liquid nitrogen.) Following this quench, two different annealing conditions were tested: (a) Annealing with a slow temperature rise from room temperature to 900 °C (18 h) in an oxygen atmosphere, continued to 20 h at 900 °C followed by a slow cool (18 h) to room temperature. This produced a conventional YBa 2 Cu 3 0 7 superconductor which was used as a control, (b) Rapid annealing by placing the samples into a preheated furnace at 900 °C, continuing at this temperature for 30 h also in oxygen, followed by the same slow cool as in (a). The second annealing treatment was tested for nominal compositions YBa 2 Cu 3 «O 7+y with x = 0, 0.2, 0.5, and 1.0. 
III. MAGNETIC AND MICROSTRUCTURE CHARACTERIZATION
To avoid errors in the interpretation, we should stress that it is critical to exhaustively characterize the samples. The magnetic measurements were performed using a Quantum Design SQUID (Superconducting Quantum Interference Device), and measurements for the range of compositions and annealing conditions were performed at both 4.5 K and 77 K. The lower resolution microstructure was investigated using samples that were mechanically polished with oil-diluted diamond paste and then etched by a 3% bromine solution in ethyl alcohol and then examined by optical microscopy, Scanning Electron Microscopy (SEM), and Secondary Ion Mass Spectroscopy (SIMS) imaging analysis with a high resolution Scanning Ion Microprobe. 21 The higher resolution microstructure was examined by High Resolution Electron Microscopy (HREM) of the crushed powder and Scanning Transmission Electron Microscopy (STEM) and HREM of ion beam thinned samples.
IV. RESULTS
For convenience, we will break down the results into a number of sections on the large-scale microstructure, the atomic-scale microstructure, and the magnetic properties.
A. Large-scale microstructure
Results from optical microscopy, SEM, and SIM indicated that the material consisted of large grains, 123 material, and voids. (We estimate that the density of the material was 70-90% of the theoretical density.) Typical optical micrographs are shown in Fig. 1 , and the SIMS micrograph in Fig. 2 confirms the presence of large Cu-rich grains. By comparison of the Cu" and O" secondary ion intensities with those emitted by the minerals cuprite (CuO) and tenorite (Cu 2 O), it was deduced that these grains consisted of ~90% Cu 2 O and ~10% CuO. Analysis of the optical micrographs gave a log-normal grain size distribution (see Fig. 3 ) with the results for the different samples summarized in Table I . The O" SIMS signal intensity emerging from the sample crystallites (other than the Cu 2 O/CuO grains) was consistent with that obtained from the control 123 superconductor indicating the orthorhombic phase, and this was confirmed by the observation of twins in the material by electron microscopy; see Fig. 4 .
An interesting feature of the SIM/SIMS images is that they exhibit crystallographic contrast from the twin structures due to primary ion channelling effects 22 ; a typical image obtained with the mass unresolved signal is shown in Fig. 5(a) , and the corresponding analytical image from the resputtered Ga + signal (the SIM uses a 40 kV Ga + probe) is shown in Fig. 5(b) . In Fig. 5(a) , the detector is at a shallow angle to the sample surface so a small amount of surface relief from differential etching also provides some topographic contrast. This makes it feasible to readily identify twins even at low magnifications and has enabled a statistical survey to be obtained of the relative frequency of the occurrence and ion beam thinning. The two give different views of the material, and either one alone might be misleading.
The crushed samples showed a high density of planar defects 23 " 25 near the surface; see, for instance, Fig. 6(a) which shows a sample prior to the annealing. Similar to our earlier work, the planar defects ordered somewhat with annealing. We should mention that the planar defects are primarily straight, but do step along the (001) direction [see Fig. 6(b) ]. Steps of this sort correspond to dislocations with a c-axis Burgers vector. We should also mention that the surfaces of the materials were amorphous; this is an important point whose relevance will become more apparent below and was not a consequence of electron beam or water damage. 26 The ion beam thinned samples, see Fig. 7 , showed that the majority of the material was perfect 123, with the defects restricted to the region immediately at the grain boundaries. A typical width of this region was 100 nm. They also showed the presence of a copperrich (from EDX in an HB5 STEM) amorphous region at the boundary.
The two sets of results can be connected if we recognize that on crushing, the material will tend to break at the amorphous grain boundary phase. This explains the observation of many defects in the crushed samples and the presence of an amorphous surface phase; the crushed samples are selectively showing the grain boundary phase. This also allows us to rule out the possibility of ion-beam damage during sample preparation as a source of the grain boundary phase or the defects.
C. Magnetic properties
The primary magnetic property that we will focus on is the magnetic hysteresis. From the standard Bean Model, 27 this can be used to calculate the J c for the individual grains. We note that more sophisticated models 28 -29 lead only to different constants in the model so will lead only to some constant scaling of the results. Table II of twins among the sample grains. The results of this survey are contained in Table I .
B. Atomic-scale microstructure
Two techniques of sample preparation were used for the electron microscopy, namely crushing the powder TABLE I. Twinning and CU2O/CUO crystal distributions. The mean radius was based on a larger number of particles than the mean cross-sectional area measurements. tion 123.5, there is a drop at 77 K which goes in exactly at the grain boundaries. If these planar defects are strong the opposite direction. flux pinning sites, one would expect an enhancement of the J c in these materials. Whereas there is a small iccir» enhancement at 4 K, at 77 K the J c is slightly worse, and the conventionally produced material has, in fact, The microstructure that we have produced here is very good properties. There is a very simple model that bulk YBa2Cu3O7_ y with a high density of planar defects we will propose to explain this, namely that the grain boundary region is a flux pinning superconductor at 4.5 K, but not, or at least a poor pinning superconductor, at 77 K. Although these results are disappointing in some respects, there are some important points to be made from this work. First, we should mention that the grain size was log-normal. Provided that one works within a Bean or Bean-like model, the relationship between J c and the grain size is linear so it is appropriate to use a mean grain size. However, if this is not the correct model and the relationship is nonlinear, there exists room for substantial error.
Second, it is apparent that there is a small change in the twin boundary density among the different samples, but no clear correlation with the magnetic results. This is not too surprising; results from single crystals 9 indicate that the flux pinning strength of twin boundaries is comparatively small, so one would not expect it to be a substantial contributor. However, it is still relevant to confirm this fact in a poly crystalline sample.
Third, it is apparent that many different microanalytical techniques are needed to give a full picture of the material. The important point here is that each technique provides only selective information, and alone can be misleading. This is most clearly evident with the crushed samples which appear to be only sampling the grain boundary regions. Since this is the simplest method of making samples for high resolution electron microscopy, one has to question the appropriateness of some of the published data in terms of being representative of the sample as a whole.
Finally, to end on a slightly more optimistic note, we should mention that with a different sample preparation approach the defects can be forced from the grain boundaries into the material as a whole, and this does lead to much better properties. 19 It appears that magnetization truly does measure the matrix of the materials and is sensitive to the matrix flux pinning rather than the intergranular effects which are better probed by transport measurements. For completeness, it should be mentioned that the transport J c of these materials was low (~200 A/cm 2 at best), although there were some unusual hysteretic effects in a magnetic field which will be described elsewhere.
TABLE II. Bean model J c using the mean cross-sectional radius for different compositions, treatments, and field together with the mean cross-sectional data. Note that there is a small increase in J c at 4 K which is maximum for the nominal composition 1:2:3.5 and a corresponding decrease at 77 K. 
